There is growing evidence that sepsis-related complications in neonates are crucially mediated by the action of proinflammatory cytokines. It has previously been demonstrated that elevated IL-6 and IL-8 levels can predict brain damage and chronic lung disease in preterm infants. However, it is the current view that neonates have a reduced capability to produce proinflammatory cytokines. To clarify this issue, we analyzed the inflammatory response in term and preterm infants directly at the single cell level by flow cytometry. Endotoxin challenge was performed under defined conditions on monocytes obtained from 50 healthy adults and 119 neonates, which consist of 45 term infants, 63 preterm infants (26.1-36.7 wk of gestational age), and 11 preterm infants with proven infection (24.6 -29.9 wk). Our results challenge the existing view of an immature inflammatory response by demonstrating that term infants and preterm infants display a higher percentage of IL-6 -and IL-8 -positive cells than adults. After preincubation with dexamethasone the number of cytokine-positive cells decreased in all groups, but the number of IL-8 -positive cells remained higher in term and preterm infants Ͼ32 wk compared with adults. These observations demonstrate not only a well-developed but also an enhanced inflammatory response in term and preterm infants. Under consideration of several detrimental effects of IL-6 and IL-8, our data may have major implications on the pathophysiology of inflammatorytriggered neonatal diseases. Neonatal bacterial sepsis remains a critical determinant of outcome in infants of very low birth weight despite the availability of antibiotics (1-3). The immaturity of the neonatal immune system, especially a reduced cytokine-producing capacity, was assumed to be responsible for the high susceptibility to infections (4 -11). Particularly, the high prevalence of complications secondary to infections represents a major determinant of neonatal mortality and morbidity (3). Although older children and adults are usually able to restrict bacterial infections, neonates often develop a severe systemic inflammatory response with detrimental effects. There is growing evidence that this process is crucially mediated by the action of distinct inflammatory cytokines (12, 13). It has previously been demonstrated that elevated IL-6 and IL-8 levels in cord blood and lung lavage can predict neonatal brain damage and chronic lung disease in preterm infants (14 -16). Furthermore, proinflammatory cytokines could be demonstrated in high amounts in brain white matter lesions of preterm infants (17). These observations strongly suggest a key role of proinflammatory cytokines in the pathogenesis of several neonatal diseases. Although a variety of studies have been performed on inflammatory mediators in neonates during infection, these data can be misleading because of the evolving immunoparalysis occurring in progressing sepsis (18, 19) . To better characterize the inflammatory response in neonates we performed an ex vivo model of sepsis, in which monocytes obtained from healthy term and preterm infants were stimulated under defined conditions. In contrast to previous studies with contradicting results, cytokines were analyzed directly at the cell level by flow cytometry after whole blood culture assay. Using this method, cellular interactions were preserved and cytokine production could be related to a specific cell type without performing a cell-separation procedure.
There is growing evidence that sepsis-related complications in neonates are crucially mediated by the action of proinflammatory cytokines. It has previously been demonstrated that elevated IL-6 and IL-8 levels can predict brain damage and chronic lung disease in preterm infants. However, it is the current view that neonates have a reduced capability to produce proinflammatory cytokines. To clarify this issue, we analyzed the inflammatory response in term and preterm infants directly at the single cell level by flow cytometry. Endotoxin challenge was performed under defined conditions on monocytes obtained from 50 healthy adults and 119 neonates, which consist of 45 term infants, 63 preterm infants (26.1-36.7 wk of gestational age), and 11 preterm infants with proven infection (24.6 -29.9 wk). Our results challenge the existing view of an immature inflammatory response by demonstrating that term infants and preterm infants display a higher percentage of IL-6 -and IL-8 -positive cells than adults. After preincubation with dexamethasone the number of cytokine-positive cells decreased in all groups, but the number of IL-8 -positive cells remained higher in term and preterm infants Ͼ32 wk compared with adults. These observations demonstrate not only a well-developed but also an enhanced inflammatory response in term and preterm infants. Under consideration of several detrimental effects of IL-6 and IL-8, our data may have major implications on the pathophysiology of inflammatorytriggered neonatal diseases. Neonatal bacterial sepsis remains a critical determinant of outcome in infants of very low birth weight despite the availability of antibiotics (1) (2) (3) . The immaturity of the neonatal immune system, especially a reduced cytokine-producing capacity, was assumed to be responsible for the high susceptibility to infections (4 -11) . Particularly, the high prevalence of complications secondary to infections represents a major determinant of neonatal mortality and morbidity (3) . Although older children and adults are usually able to restrict bacterial infections, neonates often develop a severe systemic inflammatory response with detrimental effects. There is growing evidence that this process is crucially mediated by the action of distinct inflammatory cytokines (12, 13) . It has previously been demonstrated that elevated IL-6 and IL-8 levels in cord blood and lung lavage can predict neonatal brain damage and chronic lung disease in preterm infants (14 -16) . Furthermore, proinflammatory cytokines could be demonstrated in high amounts in brain white matter lesions of preterm infants (17) . These observations strongly suggest a key role of proinflammatory cytokines in the pathogenesis of several neonatal diseases. Although a variety of studies have been performed on inflammatory mediators in neonates during infection, these data can be misleading because of the evolving immunoparalysis occurring in progressing sepsis (18, 19) . To better characterize the inflammatory response in neonates we performed an ex vivo model of sepsis, in which monocytes obtained from healthy term and preterm infants were stimulated under defined conditions. In contrast to previous studies with contradicting results, cytokines were analyzed directly at the cell level by flow cytometry after whole blood culture assay. Using this method, cellular interactions were preserved and cytokine production could be related to a specific cell type without performing a cell-separation procedure.
METHODS

Study population.
Heparinized venous cord blood samples were obtained after informed consent and approval of the institutional review board from 74 preterm infants and 45 healthy term infants immediately after delivery. Thirty-six term infants were delivered spontaneously and nine by cesarean section. The male to female ratio was 24:21; the median birth weight, 3500 g (range, 2270 -4640 g). The 1-min Apgar score was Ͼ7 in all term infants. Thirty-six preterm infants were older than (group P-1, Table 1 ) and 38 preterm infants Ͻ32 wk gestational age (groups P-2, P-3). Eleven preterm infants Ͻ32 wk had a proven infection and were analyzed separately (group P-3). Infection was defined as positive blood culture, elevated C-reactive protein, clinical signs of sepsis, or histopathologic evidence of chorioamnionitis. Fifty-five of 74 preterm infants (74%) were treated with corticosteroids antenatally according to the National Institutes of Health consensus conference to accelerate fetal lung maturity (20) . There was no evidence of congenital malformation. Patient characteristics are shown in Table 1 .
Fifty healthy adult volunteers served as a control group (30 men; mean age, 31.2 y; range, 21-56 y). All blood samples were collected in lithium-heparin tubes (Sarstedt, Nürnbrecht, Germany) and were stored at room temperature for no longer than 24 h before processing.
Culture and stimulation of cells. Approximately 0.5 mL of heparinized whole blood was suspended in RPMI 1640 supplemented with 1% penicillin/streptomycin, 2 mM glutamine, 1 mM pyruvate, and nonessential amino acids (Seromed Biochrome, Berlin, Germany) at a concentration of 5 ϫ 10 6 leukocytes/mL. Aliquots of blood were stimulated for 5 h in multiwell plates with 30 ng/mL LPS (Sigma Chemical Co., Deisenhofen, Germany) at 37°C, 5% CO 2 , unless otherwise indicated. Cells were exposed to 3 M monensin (Sigma Chemical Co.) during the whole stimulation period to inhibit cytokine secretion. Dexamethasone was added 1 h before stimulation at a concentration of 10 Ϫ7 M and 10 Ϫ5 M. After a washing step with HBSS (Seromed Biochrome), cultured cells were fixed in 4% paraformaldehyde (Riedel de Haen, Seelze, Germany) for 10 min and resuspended in nonfat dry milk (5%) for 16 h at 4°C in the dark.
Intracellular staining of cytokines. Cells were washed in HBSS and resuspended in a buffer consisting of HBSS, 0.1% saponin (Riedel de Haen), and 0.01 M HEPES buffer (Seromed Biochrome). Two hundred-microliter aliquots of cells were added to tubes containing 0.5 g/10 L of MAbs against CD14 (M5E2, phycoerythrin-conjugated), IL-6 (MQ2-13A5, FITC-conjugated), and IL-8 (G265-8, FITC-conjugated; Pharmingen, Heidelberg, Germany). Preincubation with a surplus of unconjugated anti-cytokine MAbs (5 g/10 L; Pharmingen) served as a negative control for intracellular staining to each sample. Isotype-specific antibodies were used to detect irrelevant specificity for surface molecule staining.
Flow cytometric analysis. Two-color flow cytometric analysis was performed on an EPICS XL flow cytometer with System II, Version 1.0 software (Coulter Electronics, Krefeld, Germany). A total of 2000 CD14 ϩ monocytes were acquired from each sample. Dead cells were excluded by forward and side scatter gating. Thresholds were set according to the purified antibody-blocking control. Positive cells Ͻ2% were allowed beyond the statistical marker. Data were expressed as percentage of CD14 ϩ monocytes producing each cytokine. Statistical analysis. Statistical differences between all groups were first checked by the Kruskal-Wallis test. After confirmation of significance statistical differences between groups were tested by the nonparametric Mann-Whitney U test. The level of significance was defined as p Ͻ 0.05 in single comparisons. The level of significance was corrected according to Bonferroni in multiple comparisons among four groups (␣ ϭ 0.05/4 ϭ 0.0125). Data were expressed as median and interquartile range in parentheses, if not indicated otherwise. Correlation analysis was performed with Spearman's rank-order correlation coefficient r and Fisher's exact test. Statistical analyses were performed using SPSS 9.0 statistical software (SPSS Inc., Chicago, IL, U.S.A.). Fig. 2 ].
RESULTS
Increased
IL-6 but not IL-8 production correlates positively to gestational age. There was a moderately positive relation between gestational age and the percentage of IL-6 -positive monocytes after endotoxin challenge in vitro (r ϭ 0.55; p Ͻ 0.01). However, there was no correlation between IL-8 -positive monocytes and gestational age (r ϭ 0.12), indicating already a high production of IL-8 in very premature infants.
Influence of labor on cytokine production. After correction for gestational age infants delivered spontaneously were compared with infants delivered by elective cesarean section. In preterm infants Ͼ32 wk there was no correlation between the percentage of IL-6 -and IL-8 -positive monocytes and delivery mode. The comparison could not be performed in term infants and preterm infants Ͻ32 wk because the number of elective cesarean section in term infants without onset of labor was too small and all preterm infants Ͻ32 wk were delivered by cesarean section.
Faster inflammatory response in term infants. After 3 h of stimulation the percentage of IL-6 -positive monocytes was higher in neonates than adults (p Ͻ 0.05; n ϭ 5). The percentage of IL-8 -producing monocytes was already higher after 1 h of stimulation in neonates compared with adults and remained above that for adults during the following stimulation period (p Ͻ 0.05; n ϭ 5). IL-8 -positive monocytes had a maximum peak at 3 h followed by a decline thereafter in both neonates and Figure 1 . Spontaneous cytokine production. The percentage of IL-6 -and IL-8 -positive monocytes was higher in term infants (T), preterm infants Ͼ32 wk (P-1) and preterm infants Ͻ32 wk with proven infection (P-3) compared with adults (A). Preterm infants Ͻ32 wk without an infection (P-2) display a comparable percentage of IL-6 -and a higher percentage of IL-8 -positive monocytes than adults. Differences were significant at p Ͻ 0.0001 ( †) compared with adults as indicated. Data were expressed as box plots showing the 10th, 25th, 50th, 75th, and 90th percentiles. Cytokine production after endotoxin challenge with LPS. The percentage of IL-6 -and IL-8 -positive monocytes was higher in term infants (T) compared with adults (A). All preterm infants (P-1, P-2, P-3) show a higher percentage of IL-8 -positive monocytes than adults. The percentage of IL-6 -positive cells in preterm infants Ͼ32 wk (P-1) was slightly but not significantly higher than in adults and comparable between adults and preterm infants with proven infection (P-3). Preterm infants Ͻ32 wk (P-2) show a lower percentage of IL-6 -positive monocytes than adults. Differences were significant at p Ͻ 0.01 (*) or p Ͻ 0.0001 ( †) compared with adults as indicated. Data were expressed as box plots showing the 10th, 25th, 50th, 75th, and 90th percentiles.
ENHANCED CYTOKINE SYNTHESIS IN NEONATES
adults, indicating a decreasing capacity to produce IL-8 during stimulation with LPS (Fig. 3) .
Influence of corticosteroid pretreatment on IL-6 and IL-8 production. There was no effect of antenatally corticosteroid treatment on IL-6 -and IL-8 -positive monocytes without stimulation (p ϭ 0.7 and p ϭ 0.5, respectively) and IL-8 -positive monocytes after stimulation with LPS (p ϭ 0.1) in preterm infants without an infection (P-1, P-2). The percentage of IL-6 -positive cells after stimulation with LPS was lower in preterm infants treated antenatally with corticosteroids (n ϭ 44) compared with preterm infants without corticosteroid pretreatment [n ϭ 19; 48.3% (39.9 -54.4%) versus 63.4% (53.6 -72.4%); p Ͻ 0.0001]. However, most preterm infants without corticosteroid pretreatment were Ͼ32 wk (18 of 19; 95%) whereas treated preterm infants were primarily Ͻ32 wk (26 of 44; 59%). For ethical reasons both groups could not be matched according to gestational age. Therefore, the lower percentage of IL-6 -positive monocytes after stimulation with LPS in the group of pretreated preterm infants could also be the result of the lower gestational age.
Inhibition of IL-6 and IL-8 production by dexamethasone in vitro. Whole blood was incubated with dexamethasone for 1 h before stimulation with LPS. The concentrations used represent serum levels of low birth weight infants treated with the commonly used doses of dexamethasone to prevent chronic lung disease (0.3-0.4 mg/kg) (21) . There was a dose-related inhibition of cytokine-positive cells with a profoundly stronger reduction of IL-6 -(range, 43-80%) than IL-8 -positive monocytes (range, 17-67%) in all investigated groups. The decline of IL-6 -(mean, 74% versus 50%; p ϭ 0.03) and IL-8 -positive cells (55% versus 26%; p ϭ 0.03) was highest in preterm infants Ͻ32 wk compared with adults using 10 Ϫ7 M dexamethasone. The decline of IL-6 -positive cells was comparable in term infants, preterm infants Ͼ32 wk and adults after preincubation with dexamethasone. Surprisingly, IL-8 -positive monocytes remained higher despite preincubation with 10 Ϫ5 M dexamethasone in term infants (reduction rate, 37% versus 62%; p Ͻ 0.005) and preterm infants Ͼ32 wk compared with adults (35% versus 62%; p ϭ 0.005; Fig. 4 ).
DISCUSSION
There is growing evidence that the fetal inflammatory response plays a major role in the induction of several neonatal diseases (12) (13) (14) (15) (16) (17) . However, the capability of newborn infants to produce inflammatory cytokines has been considered immature (4 -11) . This is contradictory to the clinical observation that neonates can develop a severe systemic inflammatory response during sepsis (13, 22, 23) . Although studies have been performed on proinflammatory cytokines during infection in neonates, these data are misleading because cytokine production can be impaired by a phenomenon called immunoparalysis occurring in progressing sepsis (18, 19) . This phenomenon could be demonstrated in infants on the second day of infection (data not shown) and in kinetic studies that revealed a decline of IL-8 production after 3 h of stimulation with LPS in both neonates and adults (Fig. 3) . Furthermore, different kinds of stimulation procedures and techniques used may contribute to the impaired production of cytokines demonstrated in previous studies (4 -11) . To circumvent these pitfalls, we preferred a standardized ex vivo model of sepsis rather than investigating septic neonates at different times during the inflammatory cascade. In vitro endotoxin challenge was performed under defined conditions on monocytes obtained from healthy neonates. Cytokine production was analyzed directly at the cell level by flow cytometry. This method has been demonstrated as a reliable and sensitive technique (24, 25) that enables a direct relation between cytokine production and cell phenotype without performing cell-separation procedures (26) . This is mandatory because functional responses of purified cell preparations may not represent physiologic reactions occurring in vivo (27) . Furthermore, a dissociation between plasma and cell-associated cytokines during sepsis (28) warrants cytokine analysis at the single cell level.
In contrast to the current view (4 -11), we found an unexpectedly high percentage of IL-6 -and IL-8 -positive cells in term and preterm infants. Remarkably, cytokine production was even higher both spontaneously and after endotoxin challenge compared with adults. This is of special concern because both cytokines were linked to the induction of several neonatal diseases (12, 13) . Elevated levels of IL-6 and IL-8 in umbilical cord plasma and amniotic fluid predict not only imminent preterm delivery but also cerebral white matter damage, bronchopulmonary dysplasia, cerebral palsy, intraventricular hemorrhage, and necrotizing enterocolitis (13, 29 -31) . It has been shown that maternal endotoxin administration induces a dosedependent cytokine increase in the fetal rat brain (32) . In several animal models IL-6 was able to affect the integrity of the blood-brain barrier and to induce brain injury (33) (34) (35) . In preterm infants a breakdown of a still immature blood-brain barrier may be important in the pathophysiology of the dreaded complication of intraventricular hemorrhage. Furthermore, proinflammatory cytokines could be demonstrated in high amounts in brain lesions of preterm infants (16) , suggesting a key role of these mediators in the pathogenesis of brain damage of preterm infants. Brain injury peaks at a younger conceptional age and displays a diffuse pattern compared with the focal lesions in term infants. It has been suggested that diffuse brain injury of the very low birth weight infant is the result of an increased vulnerability, characterized by an immature blood-brain barrier, incomplete myelination, and suboptimal levels of endogenous protectors (36) . Effects of proinflammatory cytokines may be even more hazardous under consideration of this increased vulnerability of the premature infant.
In the presented study we can demonstrate not only a well-developed but also an enhanced spontaneous production of the proinflammatory cytokines IL-6 and IL-8 directly at the cell level in term and preterm infants (Fig. 1) . After endotoxin challenge both cytokines were higher in term and preterm infants Ͼ32 wk than in adults despite corticosteroid pretreatment in 18 of 36 preterm infants (Fig. 2) . Furthermore, kinetic studies revealed a remarkably faster production of both cytokines in term neonates compared with adults (Fig. 3) .
After endotoxin challenge preterm infants Ͻ32 wk show a lower percentage of IL-6 -positive monocytes but a higher percentage of IL-8 -positive monocytes than adults. However, these very low birth weight infants were treated with corticosteroids antenatally to accelerate fetal lung maturity in 26 of 27 infants. Therefore, the reduced number of IL-6 -positive cells after endotoxin challenge could also be the result of corticosteroid pretreatment. For ethical reasons a control group without corticosteroid treatment could not be recruited. Nonetheless, it is even more amazing that these very low birth weight infants display a higher percentage of IL-8 -positive monocytes than adults despite pretreatment with corticosteroids. Furthermore, these very low birth weight infants show a comparable percentage of IL-6 -positive cells and a higher percentage of IL-8 -positive cells than adults during infection. These observations demonstrate that the most vulnerable preterm infants were capable of producing proinflammatory cytokines during infection as well.
To investigate the impact of corticosteroid treatment on the enhanced inflammatory response monocytes were preincubated with dexamethasone in vitro. There was a dose-related inhibition of cytokine synthesis with a profoundly stronger decline of IL-6 -than IL-8 -positive cells in all investigated groups. Very low birth weight infants Ͻ32 wk display the strongest inhibition of cytokine-positive cells by 10 Ϫ7 M dexamethasone. However, the percentage of IL-8 -positive monocytes was significantly greater in term and preterm infants Ͼ32 wk compared with adults using 10 Ϫ5 M dexamethasone (Fig.  4) , supporting the hypothesis of an exaggerated proinflammatory response in neonates after endotoxin challenge. From these data, we hypothesize that the fetal inflammatory response may be more important in the pathogenesis of several neonatal diseases than previously suspected.
Considering a diminished production of the antiinflammatory cytokine IL-10 in neonates (15, 37) , a defective downregulation of inflammation may contribute to the enhanced proinflammatory cytokine synthesis in term and preterm infants demonstrated in our study. In view of that, the high incidence of severe complications, such as sepsis in term infants and brain injury, bronchopulmonary dysplasia, and necrotizing enterocolitis in preterm infants during infection (3, 13) , may be initiated by the inability to control inflammation. For that reason, we hypothesize that an imbalance between pro-and antiinflammatory cytokines in favor of the proinflammatory cascade plays a major role in the pathophysiology of several neonatal diseases in addition to the increased vulnerability of developing organ systems in preterm infants.
In conclusion, we refuted the current view that the inflammatory response in preterm infants is immature. On the contrary, an enhanced production of proinflammatory cytokines could be demonstrated both spontaneously and after endotoxin challenge directly at the cell level in term and preterm infants. Considering several detrimental effects of proinflammatory cytokines, our data may have major implications in the understanding of neonatal inflammatory diseases and may offer a basis for therapeutic interventions perhaps in the near future.
